Recent progress of the XANES (X-ray absorption near-edge structure) spectral analysis methods for the structure characterization of metal complexes (MC) in solution is reviewed. Typical examples showing the scheme of the apparatus for XAFS (X-ray absorption fine structure) data collection, preparation and handling of solution samples, data treatment and analysis for XANES spectra, and future of XANES spectroscopy are presented. Detailed examples for the apparatus developed for laboratory scale spectrometers for XANES together with a combined spectral analyses using multi scattering method (MS) and molecular orbital (MO) calculation are discussed.
Introduction
The stability and reactivity of metal complexes (MC) in solution are often affected by solvent properties. To clarify the solvent effect, it is very important to characterize the behaviors of MC, especially to analyze the structure of MC in solution. Studies on the structure and property of MC are frequently performed by using several instrumental analytical techniques. Structural studies on MC in solution by X-ray analyses, particularly X-ray diffraction and/or XAFS spectroscopy, have been used in various research fields, such as coordination chemistry, bioinorganic chemistry, electrochemistry, geochemistry, and solution chemistry, rather than in analytical chemistry, i.e., ion pairing and/or complex formation reactions, in-situ measurements in an electrochemical reaction, and measurements under extreme conditions, such as supercooled or high temperature and high pressure. [1] [2] [3] Compared to the X-ray diffraction technique, resulting in a three-dimensional structure, XAFS is an analysis method for the local surrounding of a specific element of MC in solution. Therefore, XAFS is able to analyze not only the local structure of the central atom, but also that of the coordinated atoms in the MC in solution. The XAFS spectrum, itself, consists of two different spectra, extended X-ray absorption fine structure (EXAFS) and X-ray absorption near edge structure (XANES) spectra (Fig. 1) . EXAFS spectra show the oscillation depending on the coherence between on outgoing wave from a specific atom and a scattering wave by surrounding atom(s) caused by X-ray absorption, and are extracted from absorption spectra obtained from a higher energy region of the absorption edge. XANES spectra show the pre-edge (lower energy part) structure of the absorption edge attributed to transitions from the innershell orbital to higher shell orbitals caused by X-ray absorption.
Because measuring EXAFS and XANES spectra needs a continuous and strong X-ray source, these spectral data are taken at synchrotron facilities, or by using specially built laboratory spectrometers. This paper also reviews both synchrotron spectrometers and laboratory-scale spectrometers.
EXAFS spectral analysis is routinely performed using wellprepared, commercially available programs, while for XANES spectra there are two different techniques. One is the so-called multiple scattering (MS) method, and the other is the molecular 4 The MS method used to analyze the XANES spectra is based on the same calculation principles as EXAFS spectral analysis, which is scattering theory.
There are several excellent calculation programs for this method; one of them is called the FEFF series. Using this program, XANES spectra analysis can be performed continuously after EXAFS spectral analysis using the same program series, by just adding other code numbers.
On the other hand, the MO method needs to master the MO calculation technique. However, the combination of XANES spectra and its molecular orbital (MO) calculation gives not only the local structure, but also the local electronic structure of the MC in solution. This means direct structure information of the central and/or coordinated atoms of MC in solution.
This paper reviews several aspects of X-ray absorption spectroscopy in solutions, like the apparatus for XAFS data collection, the preparation and handling of solution samples, data treatment and analysis methods of XANES results, and the last, future perspectives of XANES spectroscopy.
Apparatus for XAFS Data Collection
There have already been several hundred papers published for XANES spectral analyses. However, much fewer studies deal with those of XANES spectra recorded in solution, because solution samples cannot give high-resolution XANES spectra and also angle-dependent spectra, like solid samples. These problems are caused by the dynamic fluctuation of the solute and the solvent molecules in solution.
XAFS spectrometry is similar to UV-Vis spectrometry for the measurement of incident I0 and transmitted light I intensities to obtain the absorbance. Figure 2 shows how to measure XAFS data. There is another way to obtain XAFS spectra which employs X-ray fluorescence light from a solution surface for I. Figure 2 also shows the fluorescent method for the XANES spectral measurement.
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2·1 Synchrotron spectrometers
Generally, most XAFS data have been taken using the XAFS spectrometer on the beam lines at synchrotron radiation facilities. Figure 3 shows a typical data acquisition arrangement of the XAFS spectrometer at the beam lines (BL-7C) at the Photon Factory, KEK, Tsukuba. 6 Recently, the opportunity of XAFS data measurements is increasing because of increases of the number of synchrotron-radiation facilities in Japan. For example, recently, Saga prefecture constructed a new synchrotron facility including XAFS spectrometers at Tosu in 2005. 7 The authors 8 measured Cu K-edge XAFS spectra of MC with maec (described later) in solution on the synchrotron machine at the Photon Factory, KEK, Tsukuba, Japan, using bending magnet beam line 7C under dedicated conditions, 2.5 GeV and 280 -350 mA. 9, 10 Monochromatic radiation was obtained using an Si(111) monochromator. Two ion chambers with flowing nitrogen and 50% argon in nitrogen for I0 and I, respectively, were used to determine the radiation intensity in the transmission mode. The energy scale was calibrated using the external calibration method, assigning the first inflection point of the Cu K-edge of Cu metal foil to 8980 eV.
Recently, there is great demand for soft X-ray spectroscopy, because of the importance of structure analysis of light elements in recently developed high-functional materials and/or that of precise structure analysis using higher shell absorption edges. Therefore, soft X-ray beam lines have been constructed at each synchrotron facility. However, a solution sample does not easily give XAFS spectra for the soft X-ray measurement because soft X-rays are easily absorbed by both air and the solvent. Matsuo et al., 5, 11, 12 developed a new experimental set-up to measure in-situ soft X-ray absorption spectra under ambient conditions (helium gas atmosphere) in the 400 -2000 eV photon-energy region using both transmission and total-fluorescence-yield detection techniques. A representative example for this measurement and analysis is shown in sections 3·2 and 4·4 as those of aqueous solutions and crystalline samples of NaBr and NaBrO3, 11 respectively.
2·2 Laboratory spectrometers
There are several laboratory spectrometers that are able to record XANES spectra of solution samples. These spectrometers are convenient for XANES data measurements because they are available at any time, it is easy to change for different measuring conditions, and there is no need for a special security guard. Most of them (home made or commercial) employ a tube-type X-ray source, curved crystal monochromator and detector. The monochromatic incident X-rays from the curved crystal monochromator and the transmitted X-ray beam from the sample are measured by a detector. A typical example of a laboratory spectrometer was reported by Wakita and Taniguchi, 13 and shown in Fig. 4 , which has a tube-type X-ray source with a rotary anode, Johan-type curved crystal monochromator, temperature and pressure-changeable sample holder, and a SSD (solid state detector) for measuring incident and transmitted X-ray intensities.
An important limitation for the laboratory-scale soft X-ray spectrometers is to obtain a strong soft X-ray beam by a tubetype X-ray source. The authors 14, 15 developed a new type of ultra soft X-ray spectrometer using an ionized plasma X-ray source (Fig. 5 ). Ultra soft X-rays are emitted from the ionized plasma by laser light. The spectrometer consists of four subsystems: (i) a laser and focusing optics, (ii) a target and target chamber, (iii) a monochromator, and (iv) a detector system and a sample chamber. The laser light is focused to a tiny spot on the target, a thin metal tape. The intense pulse of light energy evaporates and heats the metal to a very high temperature, it becomes an ionized plasma that emits extreme ultraviolet light in a continuous spectrum. The spectrum of this radiation is essentially a continuum in the ultra soft X-ray region. A small slice of the continuous spectrum from this source is selected by the monochromator and focused onto the sample. A spectrum of absorption versus wavelength can be obtained by scanning the monochromator.
There is another method known to obtain XAFS analogous spectra using a laboratory emission spectrometer. Kawai firstly observed extended X-ray emission fine structure (EXEFS) in Xray fluorescence spectrum, and found that EXEFS spectroscopy can be applied as an easy micro-probe analysis for samples as small aerosol, fly ash and so on. 16, 17 Recently, XAFS analogous spectra have been reported by several researchers using other emission laboratory spectrometers. Watanabe et al. 18 obtained EXEFS spectra by Auger electron spectra (AES), and proposed that AES-EXEFS is substitutable to synchrotron XAFS spectra as a result of several sample measurements.
Preparation and Handling of Solution Samples
In order to know the functionality of MC in solution, we firstly have to know which solute species gives functionality, because several solute species could exist in solution depending on the conditions (i.e., pH, concentration etc.) of the solution. Thus, one should first check or determine the stability constant of MC in solution. If the solute is attributed to a known complex, the constant(s) might be given in the literature (see for example Critical Stability Constant), 19 and it is relatively easy to calculate what kind of solute species is/are dominant in the solution condition. However, if the constant is not given, or, the solute is attributed to a novel compound, we have to determine the constant by ourselves. 
3·1 Metal complexes with macrocyclic ligands in solution
Macrocyclic ligands have generated much interest because of their ability to act as models for biological systems and active sites of catalysts. 8 Metal complexes with macrocyclic ligands have also been used as simple structural or functional models for metallo-enzymes. Investigations of the structure of the metal complex, especially in aqueous solution, will facilitate the development of new and more efficient models for metal complexes with macrocyclic ligands. The authors synthesized a novel macrocyclic ligand, N-mono(2-aminoethyl) 1,4,8,11-tetraazacyclotetradecane (maec), which has one pendant arm. The stability constants were evaluated by pH-metric titrations, 20 and the PSEQUAD program. 21 Table 1 gives the stability constants for the complex of Cu(II) ion with maec. , forms at pH values of over pH 3. These results suggest that the amino group in the pendant arm is deprotonated and coordinated to the Cu(II) ion at high pH. On the other hand, at low pH, the amino group in the pendant arm is suggestively protonated and uncoordinated to the Cu(II) ion. To obtain further detailed information, a structure analysis of the species in aqueous solution was performed by using the XANES method.
3·2 Aqueous solution of simple salts, NaBr and NaBrO3
Many bromine containing compounds have been widely used in a variety of applications, such as water purification, agriculture, cars, healthcare, photography, and flame-retardants. Recent investigations have shown that they persist in the environment. [22] [23] [24] [25] To understand the property of each bromine compound in such applications, the authors measured the XANES spectra of an aqueous solution of NaBr and NaBrO3 as being representative of the basic bromine compounds, and determined the local electronic structures and the chemical states of the bromine compounds in aqueous solution compared with corresponding crystalline compounds.
The XAFS spectra of solution samples were measured at Beamline 6.3.1 at the advanced light source (ALS), Lawrence Berkeley National Laboratory. 26 The total-fluorescence-yield was detected using a Hamamatsu GaAsP photodiode. The aqueous solutions were placed in a 6-mm diameter tube which had a 1.5 -2 mm wide slit. The surface of the solution at the slit in the tube was exposed to an X-ray incident beam, and fluorescent photons were collected from the solution by the detector (approximately 90˚ to the X-ray beam). In the case of measurements of crystalline compounds, a very thin layer of the each sample was prepared on a conducting carbon tape, and the spectra were measured at gracing incidence so as to minimize the self-absorption effects in the measured XAFS spectra. All of the spectra were normalized to the absorption-edge jumps. 27 
Treatment and Analysis Method of XAFS Data
The EXAFS spectra analysis is routinely performed using wellprepared programs. However, for XANES spectra, there are two available methods: one is the so-called multiple scattering (MS) method, and the other is a molecular orbital (MO) calculation method.
4·1 Multiple scattering (MS) method
Theoretical details and calculation examples of this method were recently published by Yokoyama. 28 Recent EXAFS analysis employs the IFEFFIT program package, 29 and the treatment and model fitting of the MS method are also being carried out using this package. The XAFS data are processed using standard procedures for preedge subtraction, spline fitting and Fourier transformation. The Fourier-filtered data are modelled using the curved wave approximation, and refined in R-space by a least-squares procedure using the theoretical amplitude and phase functions, as calculated by the FEFF8.20 code. 30 Simulations of XANES spectra are also performed using the FEFF8.20 code. The first step of this method is to choose what model structure and charge distribution the solute species possess. Then, the next step is to consider what potential is liable.
4·2 Calculation example of the MS method
The Hedin-Lundqvist potential is employed for the exchange potential. Self-consistent field calculations and full multiplescattering calculations were also performed within the macrocyclic framework (about 3.4 Å). The six models used for the calculation are shown in Fig. 7 . All models were derived from crystal structures of a copper(II) complex with cyclam derivatives. [31] [32] [33] Several different structures have been estimated for the copper(II) complex in aqueous solution, including four (Model i, ii), five (Model iii -v), and six (Model vi) coordination geometries. In addition, possible configurations of the cyclamtype metal complexes have been described by Bosnich et al. 34 Model i (square planar) and model vi (octahedral coordination) adopted the stable trans III configuration with the two sixmembered chelate rings in the chair form and the two fivemembered chelate rings in the gauche form. On the other hand, Models ii -v (square pyramidal) take a trans I configuration with the five-membered chelate rings in the eclipsed form. Energy calculations of nickel(II) complexes show that the trans III configuration has the lowest energy, but the trans I configuration becomes more stable relative to the trans III configuration when the metal ion coordination number decreases from 6 to 5. 35 Matsuo et al. measured the XANES spectra for the [CuBr2(cyclam)] complex in aqueous solution, and discussed the axial Cu-Br bond.
This result showed that the [CuBr2(cyclam)] complex in aqueous solution formed the complex species with the axial Cu-Br bond. 36 Measurements of EXAFS spectra were performed at various pH values in aqueous solutions. The authors have carried out refinements of EXAFS data at pH 2.14 and 5.68. The average Cu-N distances in the first shell are in the range of 2.02 -2.03 Å at pH 2.14 and 2.04 -2.06 Å at pH 5.68. These values are consistent with those observed for Cu-N distances of copper(II) complexes with cyclam derivatives in the solid state. [31] [32] [33] The Cu-Br, Cu-N, and Cu-O distances in the second shell for pentacoordinated models also agree well with values in the literature (2.72, 2.20, 2.78 Å) for models iii and v at pH 2.14 and for model iv at pH 5.68. The Cu-Br distances in model vi are shorter than those found in the dibromo copper(II) cyclam complex (2.95 Å). The best fits were obtained by model ii at pH 2.14 and 5.68. However, equally good fits were obtained for other models under two pH conditions. Therefore, it was not possible to conclude the coordination number and coordination geometry of complex species solely from an EXAFS refinement. Table 2 summarizes the results of curve fitting.
The observed XANES spectra in aqueous solutions at pH 2.14 -5.68 are shown in Fig. 8 . The shoulders at around 8987 eV appeared in XANES spectra of the copper complex at pH 2.14 (A), 2.63 (B), and 3.37 (C), but not in those at pH 3.65 (D) and 5.68 (E). This result suggests that the copper complex in aqueous solution formed two complex species with different coordination geometry at between pH 2.14 (A) and 5.68 (E). Figure 9 shows the results of a simulation for the six different models and the observed XANES spectra at pH 2.14 (A) and pH 5.68 (E). Good agreement between the simulation and the observed XANES spectrum was obtained by model ii at pH 2.14 (A). Furthermore, a good fit was obtained by model iv at pH 5.68 (E). The calculated results of the MS method indicated that the copper complex in aqueous solution formed a fourcoordinated square planar geometry in the low pH region (pH 2.14 -3.37), and a five-coordinated square pyramid geometry in the high pH region (pH 3.65 -5.68).
Recently, a method has been proposed in the literature that performs a quantitative analysis of XANES spectra. 37, 38 In particular, a new software (MXAN) procedure has been developed, and it has been successfully applied to structural investigations of biological systems and transition metal ions in aqueous solutions. [37] [38] [39] [40] [41] This method is based on a comparison between the XANES experimental data and several theoretical calculations performed by varying selected structural parameters associated with a starting model. Starting from a putative geometrical configuration around the absorber atom, the MXAN package is able to reach the best-fit conditions in a reasonable time by minimizing the square residual in parameter space. The X-ray photo absorption cross section is calculated using the full MS scheme in the framework of the Muffin-Tin approximation.
Benfatto et al., employed the MXAN method to determine the coordination structure of the copper(II) ions in aqueous solution. 39 Their result indicated that, at variance with the generally accepted Jahn-Teller distorted octahedral structure, the copper(II) ion in aqueous solution formed a five-coordinated structure.
4·3 The molecular orbital (MO) method
A combined study of XANES spectra and MO calculation could give another kind of advantage result to compare with the study of IR and Raman spectra and the MO calculation. XANES spectra and their MO calculation are able to analyze the electron transition of the HOMO-LUMO; therefore, many reports for the XANES spectral analysis results were published using mainly two MO methods. One of them is the Hartree-Fock method (HF), and the other is a method by density functional theory (DFT). 4 The Xa method is a Hartree-Fock method using parameter a for the X exchange interaction potencial. The DVXa (discrete variational Xa) molecular orbital method is the electronic state calculation method using the Xa method. 42 DV-Xa (discrete variational Xa) molecular orbital calculations were performed to analyze XANES spectra. The computational details of the DV-Xa method have been described elsewhere. 28, 42 In this method, the exchange-correlation interaction between electrons is given by Slater's Xa potential, where a is the Slater exchange limit, fixed at 0.7 throughout the present work. The molecular orbital wave function is expressed by a linear combination of atomic orbitals. The atomic orbitals as numerical basis function are obtained by solving the Schrödinger equations for each atomic potential in the molecule.
4·4 Calculation examples of MO method
DV-Xa molecular-orbital calculations 42 were performed for Br L3-edge XANES for both a crystalline and an aqueous solution of NaBr using a half-occupied core-level (Slater's transition state) 43 and an expanded basis set. For crystalline NaBr, a Brcentered cluster model consisting of 14 Na and 13 Br atoms, which is based on crystallographic data, was used for the calculations. 44 In the DV-Xa calculations, Na and Br atoms were given charges of +1 and -1, respectively. For a 0.1 M NaBr aqueous solution, the model was made with one Br atom and six water molecules, which is based on earlier work on KBr in solution using X-ray diffraction. 45 These models were embedded into a Madelung potential field consisting of 702-point charges for the influence of the electrostatic energy of the clusters. The electron transition probabilities (ETP) were evaluated from the dipole matrix element between a core state and unoccupied molecular states. 12, 46 The unoccupied orbitals included in the calculations are atomic orbitals of 3p, 3d, 4s, and 4p of Na, and atomic orbitals of 4d, 5s, 5p and 5d of Br. The outermost orbitals, 4p of Na and 5d of Br, were included in the calculations to suppress the numerical error for the rest of the orbitals, but were excluded when evaluating the partial densityof-states (PDOS).
In Fig. 10 , the PDOS (i -v) and the ETP (vi, bars) obtained from the DV-Xa calculation using NaBr clusters and hydrated Br models in the energy range 1540 to 1580 eV are given for the aqueous solution (left panel) and the crystalline (right panel) of NaBr, respectively. The simulated curves (vi, solid line) along with the experimental (vi, circle) spectra are also included. It Fig. 9 Comparison of simulated and observed XANES spectra for the copper(II) complex at pH 2.14 (A) and pH 5.68 (E). Simulated XANES spectra are shown for six different models (i -vi). can be seen that the simulated spectra are in good agreement with the experimental spectra for both the aqueous solution and crystalline of NaBr. Further, the ETP suggests that the transitions occur from Br 2p to the unoccupied states containing mainly 4d orbitals of Br for both the aqueous solution and the crystalline. However, 5s and 5p of Br and 3p of Na in addition to the 4d orbitals of the neighbor Br for crystalline NaBr and 5s and 5p of Br, 2p of O and 1s of H for aqueous solution of NaBr also contribute to the unoccupied state, as shown in PDOS.
Analyses of the Na K-edge EXAFS were also performed. The k 3 -weigthed EXAFS spectra and the corresponding Fouriertransformed radial distribution functions for crystalline and aqueous solutions of NaBr and NaBrO3 are shown in Figs. 11 and 12. The changes in the profiles in both k 3 -weigthed EXAFS spectra and the corresponding Fourier-transformed radial distribution functions between crystalline and the corresponding aqueous solution show the dissolution of NaBr and NaBrO3 in water. This suggests the dissociation of Na-Br/Na-BrO3 bonds and the formation of Na + hydration structures, [Na(H2O)n] + (n = 0 -6). 47 In addition, the size of the anions significantly affects the formation of the Na + hydration structures in aqueous solutions. Bromine L3-edge XANES spectra for crystalline and aqueous solutions of NaBr and NaBrO3 are shown in Fig. 13 . The Br L3-edge XANES spectra also show two relatively broad bands. 47 The ligand field potential obtained from Br L3-edge XANES spectra indicates that it depends on the coordination structure between not only the Br and the first near neighbor, but also on the Br and the second near-neighbor in crystalline state, and that it depends on the hydration structure and the counter cations in aqueous solutions. These results show the obvious fact, i.e. the dissociation of NaBr and NaBrO3 into Na + , Br -and [BrO3] -in aqueous solutions. As expected, [BrO3] -ions are stable in aqueous solution, and do not dissociate further. DVXa molecular-orbital calculations predict that the transitions in the Br L3-edge XANES spectra occur from Br 2p to the unoccupied states containing mainly 4d orbitals of Br for both crystalline and aqueous solution. In addition, 5s and 5p of Br and 3p of Na in addition to the 4d orbitals of the neighbor Br for crystalline NaBr and 5s and 5p of Br, 2p of O and 1s of H for NaBr aqueous solution also contribute to the unoccupied states.
Valli et al. also reported that XANES spectra analysis by the DV-Xa calculation gave evidence of the solvation of copper(II) ions in liquid ammonia. 48 
Future Perspectives of XANES Spectroscopy
XAFS (EXAFS and XANES) spectroscopy, as one of the structure analysis methods, is an analysis method for the local surrounding of a specific element, and has progressed with the fullness of synchrotron-radiation facilities. In-situ measurements under extreme conditions, submicrosized local structure analysis and its mapping, and microsecond analysis for structure change are now available. If local structure analysis and its mapping of nanometer and nanosecond analysis for structure change will be performed by developing radiation-beam quality, data-measuring techniques, and their analysis method, the functional analysis of materials will be expected to progress.
Generally, the MO method can apply to many compounds, such as inorganic compounds, organic compounds, and metal complexes. This method is able to determine the electronic structure of these compounds, but is not able to give accurate structure parameters. The MS method is allowed to calculate detailed structure parameters, such as the bond distance. Combined MS and MO evaluations of XANES presently in progress could result in both accurate structural and bonding parameters.
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